THE SPINAL CIRCUITRY can autonomously generate a variety of rhythmic behaviors carried out by networks of interneurons. Spinal interneurons in mammals operate as part of networks that span multiple segments (Cowley and Schmidt 1997; Deliagina et al. 1983; Kjaerulff and Kiehn 1996; Kremer and LevTov 1997) , with the rostral segments of the lumbar enlargement playing a major role in rhythmogenesis (Cazalets et al. 1995; Delivet-Mongrain et al. 2008; Langlet et al. 2005) . Although the neuronal constituents of these rhythmogenic networks have not been identified, they likely include lumbar interneurons within the intermediate zone (lamina IV-VII) since these interneurons are active during locomotor behavior (Carr et al. 1995; Cina and Hochman 2000; Dai et al. 2005; Harrison et al. 1986; Huang et al. 2000; Jankowska and Skoog 1986; Kjaerulff et al. 1994) .
A number of organizational schemes have been put forth on how lumbar interneurons are spatiotemporally driven during locomotor behavior. Cazalets et al. (1995) found that locomotor-drive to motoneurons was supplied by segments L1-L2 in the isolated spinal cord of neonatal rats, suggesting that the interneuronal activity in the intermediate zone may be a localized source of rhythmic drive that drives the other segments. McCrea and Rybak (2008) have proposed that the rhythmogenic elements are coupled to form a single distributed "clock" network that controls the activation of a pattern formation network driving the flexor and extensor motoneurons. A third possibility is that the activity of spinal interneurons may be coordinated by spatial compartments, with each compartment activated in succession based on its rostrocaudal localization. Cuellar et al. (2009) reported that lumbar cord dorsum potentials and interneuronal activity exhibit traveling wave dynamics during fictive scratching in cats. Additional studies have demonstrated movements of the center of activity of the motoneuron pools during locomotion in neonatal mice (Bonnot et al. 2002) , cats (Yakovenko et al. 2002) , and humans (Cappellini et al. 2010) . These three mechanisms suggest distinct spatiotemporal patterns of activity for interneuronal activity, especially if one considers that interneuronal activity may reflect local motoneuronal activity as suggested by evidence showing that segmental interneuronal population activity in the isolated neonatal rat spinal cord occurs in phase with the corresponding ventral root activity (Kwan et al. 2010; Tresch and Kiehn 1999) . A centralized locomotor generator would predict that interneuronal activity may show a focus of activity that is distributed segmentally, while the distributed clock mechanism predicts that interneuronal activity might be synchronized over multiple segments. Finally, if interneuronal activity is coupled with local motoneuronal activity, it should also demonstrate a rostrocaudal oscillation behavior during locomotor tasks.
In this study, we investigated the spatiotemporal dynamics of spinal interneuronal activity at the population level via multiunit activity (MUA) over multiple lumbar segments during air-stepping in spinal cats to determine whether lumbar population activity is consistent with these proposed organizational schemes. MUAs provide a continuous measure of neuronal activity within a volume around the recording electrode and were recorded from the left and right intermediate zones of the lumbar area along with hindlimb muscle EMGs during air-stepping in cats. Their phasic modulation and spatial organization were examined in relation to the locomotor cycle.
MATERIALS AND METHODS

Surgical Procedures and Recordings
Surgical preparation. Four adult female domestic short hair cats (2.8 -3.5 kg) were used in these experiments. All animal care and procedures were approved by the Institutional Animal Care and Use Committee of Drexel University and performed according to National Institutes of Health guidelines. The animals were spinalized at the T11-T12 vertebral level 10 -14 days prior to the multiunit recording experiments. On the day of the terminal recording experiment, three procedures were performed: bipolar EMG recording electrode implantation, spinal cord laminectomy, and midcollicular decerebration. Identification and analysis of single-unit activity were also conducted on the recordings from those animals, and those results along with further surgical details can be found in the report by AuYong et al. (2011) .
Multiunit recording procedure. Interneuronal recordings were made during bouts of air-stepping over the course of a terminal experiment taking place 10 -14 days after spinal transection. The acute experimental protocol included the induction of anesthesia, implantation of bifilar EMG recording electrodes in both hindlimbs, a laminectomy to expose the spinal cord, decerebration, and the neuronal recording experiment. Anesthesia was maintained until the decerebration procedure was completed. Blood pressure, heart rate, endtidal CO 2 , arterial oxyhemoglobin saturation, respiratory rate, and core temperature were monitored throughout the experiment. Intravenous fluids were administered at a rate of 20 ml/h, and body temperature was monitored and maintained between 37 and 39°C.
EMG recording electrodes and implantation. EMGs were recorded bilaterally from seven hindlimb muscles: two knee extensors (biceps femoris anterior and vastus lateralis), one knee flexor (biceps femoris posterior), two ankle extensors (gastrocnemius medialis and soleus), one ankle flexor (tibialis anterior), and one bifunctional muscle, sartorius anterior, which acts as a hip flexor and a knee extensor. Muscles were implanted with bifilar electrodes (AS 633, Cooner Wire, Chatsworth, CA), and wires were tunneled subcutaneously to exit slightly below the anterior iliac crest. Proper localization of the electrodes into the muscles of interest was verified via direct electrical stimulation of the muscle and postmortem dissection.
Spinal laminectomy and decerebration. The dorsal aspect of vertebrae L3-L6 was removed to expose the spinal cord. Dexamethasone (2 mg/kg iv) was administered prior to the laminectomy and every 6 h after the initial dose, to minimize spinal swelling.
After the laminectomy, the animal was secured into a spinal stereotaxic frame. Warm mineral oil was applied to the cord to prevent drying, the dura was opened, and the lumbar segments were identified by examining the vertebral exit levels of the dorsal roots. A midcollicular decerebration was performed, and the brain rostral to the transection was removed. Anesthesia was discontinued once the decerebration was completed, with the interneuronal recordings starting at least 1 h after decerebration. Clonidine (500 g/kg iv) and, on occasions, naloxone (500 g/kg iv) were administered to prime air-stepping, which was initiated via perineal stimulation.
Interneuronal recording. Extracellular interneuronal activity was recorded with a pair of multichannel electrode arrays, one inserted into each side (left and right of the midline) of the spinal cord. Each array consisted of four silicon shanks with four Pt/Ir/Au electrode contacts (a 4 ϫ 4 3-mm 100-125-177, Neuronexus, Ann Arbor, MI) per shank. The arrays were mounted on a custom holder driven by a manual micromanipulator (M-633, Physik Instrumente). The most medial shanks of the two arrays were separated by a gap of 1.2-1.4 mm to straddle the cord's midline but located on a single plane. The micromanipulator was mounted onto a stereotaxic arch that permitted rostrocaudal and mediolateral positioning of the arrays.
The arrays were inserted into the spinal cord such that the electrode grid lay in the cross-sectional plane and was centered between the dorsal entry zones, unless adjustments in the mediolateral positioning had to be made to avoid blood vessels. The tips of the shanks were inserted to a depth of 1,500 -2,000 m with the aid of a microscope. Generally, the pia was peeled from the cord surface with Dumont no. 5 forceps at the insertion sites, but the shanks were inserted through the pia at a number of sites. The arrays were inserted slowly until a slight dimpling of the cord was observed and then allowed to slowly insert themselves into the cord before they were advanced deeper toward the recording depth. Given the spatial arrangements of the electrode grid and the established thickness of spinal laminae, the recording region largely encompassed laminae V, VI, and VII of the spinal gray. Localization was verified by fluorescence staining of the electrode tracks in a number of animals (AuYong et al. 2011) .
Neuronal activity was recorded over the rostrocaudal extent of the spinal cord in successive trials. Recordings began at the top of the L3 dorsal roots and progressed caudally in 1-to 2-mm increments until the bottom of the L6 dorsal roots. During a trial, electrodes were inserted to the targeted depth. For each trial, neuronal and EMG activities were recorded while the animal was quiescent (5 s duration) and then during a period of air-stepping (ϳ30 s) elicited by perineal stimulation. Upon completion of a trial, the electrodes were retracted and advanced caudally by 1-2 mm. Further experimental details can be found in the report by AuYong et al. (2011) .
Data acquisition system. Both neuronal activity and EMGs were synchronously captured with custom Labview software running on a PC equipped with three 16-bit resolution data-acquisition (DAQ) cards (PCI-6251, National Instruments, Austin, TX). Neuronal and EMG activities were sampled at 40 and 2 kHz, respectively, and stored for analysis.
Neuronal activity voltages were acquired with two unity-gain headstages (HST/16o25-18P-GR, Plexon, Dallas, TX) amplified 50ϫ by two 16-channel band-pass (100 Hz-8 kHz) preamplifier boards (PBX2/32sp-G50, Plexon). EMGs were amplified with a bank of differential amplifiers (model 1700, A-M Systems, Carlsborg, WA) and band-pass filtered (10 Hz-1 kHz) prior to being sampled.
Data Analysis
Signal processing. MUA was extracted off-line from each channel with a modification of the method employed by Stark and Abeles (2007) . Large artifacts were eliminated from each raw voltage record by first removing points within a 20-point (10 ms) window around values in the top and bottom 0.05 percentiles of the voltage record. Second, each data fragment removed was replaced by a straight-line fit between the adjacent points. The voltage records were subsequently zero-phase digitally band-pass filtered (300 -6,000 Hz, 3-pole elliptical filter) and full-wave rectified. Then the waveforms were highpass filtered (300 Hz cutoff, 2-pole Butterworth) to remove the low-frequency components introduced by rectification. Values over a predefined threshold of 50 V were clipped to avoid the biasing effects of extreme values on the final signal representation. This is similar to the Ϯ2 standard deviation threshold used by Stark and Abeles to clip extreme values (Stark and Abeles 2007) . The signal was then squared, low-pass filtered (100 Hz, 2-pole Butterworth), and square-rooted. Finally, the signal was downsampled to 2 kHz, yielding the MUA representation.
Frequency spectral analysis. The frequency content of MUA was estimated with the Thomson-multitaper power spectral estimation technique (Percival and Walden 1993; Thomson 1982 ) with a timebandwidth product of 5 and 5 tapers. The average spectrum from all 16 channels from each electrode array was estimated. The coherency, a measure of the linear relationship in the frequency domain, was determined with the standard formulation (Bendat and Piersol 2000) , which estimates coherency as the cross-spectra density normalized by the autospectra density of left MUA (LMUA) and right MUA (RMUA). Coherence and phase were calculated by taking the magnitude and angle of coherency. Examination of the power spectrum showed that the frequency content of MUA during locomotion was concentrated within a narrow band of 0.5-5 Hz. To aid with the visualization of the information within this bandwidth, MUA was further band-pass filtered to this frequency range (0.5-5 Hz, 2-pole Butterworth).
MUA dimension reduction. Factor analysis was performed on all 32 channels of the MUA data to explain the common variability between channels in terms of a few factors (Lawley and Maxwell 1971) . The factor analysis algorithm searches for a representation of the common variability of the original data set (x) as weighted linear combinations of factors (f). Factor analysis was performed with a maximumlikelihood algorithm of the model represented by Eq. 1, where x represents the 32 channels of MUA data, u is a vector of mean value of each channel, ⌳ is the estimated loading (weighting) matrix, f are the factors to be estimated, and e is the error term. Factor analysis has been employed in studies of muscle synergies during movement for similar purposes (Ivanenko et al. 2004 (Ivanenko et al. , 2005 Merkle et al. 1998; Tresch et al. 2006 ).
The contribution of a factor to each channel makeup is described by the loading matrix. Factor analysis was used to generate two factors where the common variability in the neural activity recorded from the left or right side of the spinal cord is described by a single factor (Fig. 1A) . A factor that captures the variability from the right channels will have high loading values for many right channels and low values for most of the left channels (Fig. 1B , black line). The opposite is true for a factor representing left-side neural activity (Fig. 1B , gray line). The estimated factors are termed left or right segmental population activity (SPA) since their information represents the concerted MUA within a spinal segment in one half of the spinal cord. SPAs are expressed as standard scores or z scores, with each SPA (factor) capturing the interdependence in the variability of MUAs from each half of the spinal cord. In other words, each SPA represents the modulatory pattern common to several channels from each half of the spinal cord (Fig. 1C) . In one cat, low-quality recording in several channels from the right electrode array only permitted MUA analysis from channels in the left electrode array. In this case, a single factor was extracted from the 16 channels of left MUA. EMG analysis. For each animal, the onset and offset of one flexor and one extensor muscle in each hindlimb were determined with a semiautomated algorithm based on the generalized-likelihood ratio (Micera et al. 1998 ). Duration of muscle activity was defined as the period between the onset and offset of muscle activation for each muscle. The quality of stepping was characterized with respect to each right step cycle, defined as the periods between the consecutive onsets of right soleus activity. Corresponding left step cycles were defined as the periods between left soleus onsets, with the initial left soleus onset for each cycle occurring after the beginning of the right step cycle. The right step cycle was thus defined as the leading step cycle. The symmetry of the stepping behavior was established by five ratios: 1) extensor duration ratio, 2) flexor duration ratio, 3) flexor phase ratio, 4) cycle duration ratio, and 5) left onset lag reported by AuYong et al. (2011) . The extensor duration ratio was calculated by dividing the right hindlimb extensor burst duration by the left hindlimb extensor burst duration, while the flexor duration ratio was calculated by dividing the right hindlimb flexor burst duration by the left hindlimb flexor burst duration. These two ratios provide a measure of the symmetry in the burst durations of the left and right hindlimb extensors and flexor muscles; ideally the ratios should be 1.0, indicating that extensor and flexor burst durations are the same in both hindlimbs. The flexor phase ratio was calculated by dividing the right hindlimb flexor onset phase (relative to the right step cycle) by the left hindlimb flexor onset phase (relative to the left step cycle), and this ratio describes the symmetry in flexion onset time between the two hindlimbs. The cycle duration ratio was calculated by dividing the right hindlimb step cycle duration by the left hindlimb step cycle duration. The left onset lag was defined as the phase of onset of the left hindlimb extensor within a right step cycle. For symmetrical stepping with similar muscle activation timing in both legs, the ratios should be 1.0 and the left onset lag should be 0.5. Significance of deviation from unity or 0.5 for each of the symmetry measures was evaluated with the t-test with ␣ set at 0.05 and used to demonstrate that stepping was symmetrical (AuYong et al. 2011) .
MUA modulation and left-right phase relationship analysis. For three cats, left and right SPAs were segmented with respect to the right step cycle. SPA from each step cycle was binned into five equally sized bins. Mean left and right SPAs values for each bin were calculated for all step cycles. We determined whether SPA amplitude was significantly modulated over a step cycle by using the Kruskal-Wallis one-way ANOVA between SPA amplitude and step cycle phase between 0 and 1 with ␣ at 0.05.
The phase difference between left and right SPAs modulation was determined by cross-correlation. For each step cycle, cross-correlation was performed on the corresponding left and right SPAs. The delay value corresponding to the maximum cross-correlation value was defined as the SPA phase lag. The delay described the phase difference between the left and right SPAs at each recording segmental level. Correlation between the SPA phase lag and left onset lag, i.e., between the phase lag in the MUA of the two hemicords and the onset phase of the left extensor with respect to the right extensor cycle, was evaluated with a nonparametric test of angular-angular correlation (Fisher and Lee 1982) .
Spatiotemporal maps of multiunit activity. The spatial modulation in MUA was investigated by generating a spatiotemporal map of MUA dynamics over the rostrocaudal extent of the cord. For each recording location, four steps were identified manually. Left and right SPAs, extracted by factor analysis, were used as the measure of neural activity in each hemicord. SPA for each step was resampled to a 1,000-point vector, and the vectors were concatenated to form a single vector. Vectors for each rostrocaudal recording location formed the columns of two matrices describing the right and left hemicord SPA activity over the rostrocaudal extent of the cord. To aid with visualization, the recording location axis of the SPA matrix was interpolated over 0.1-mm increments. Phase shift of the peak of SPA activity with respect to the right step cycle was evaluated by calculating the linear-circular correlation between rostrocaudal location (in mm from most rostral recording location) and the average phase of peak SPA over four step cycles. The test proposed by Mardia (1976) with ␣ of 0.05 was used to evaluate the presence of a significant correlation between rostrocaudal position and phase of peak SPA.
RESULTS
Recording Sites and Locomotor Statistics
Population neural activity, measured as MUA, during airstepping was analyzed in four animals. MUA was extracted from raw broadband neural recordings obtained from two 16-channel electrode arrays, one inserted into the left hemicord and one into the right. Recordings were made over successive rostrocaudal locations, beginning rostrally at L3 dorsal roots and advanced caudally toward L7 in 1-to 2-mm increments. Average distance between the most caudal and rostral sites was 33.48 Ϯ 6.59 mm, with 15-33 penetrations made within the rostrocaudal extent. Stepping bouts were of variable duration ranging between 3 and 33 s (average: 14 Ϯ 6 s) for each recording.
Multiunit Activity Frequency Analysis
Inspection of the frequency content and phase relationship between LMUA and RMUA resulted in the following qualitative findings. The MUA frequency content ( Fig. 2A) , evaluated from the left and right average MUA power spectra, showed that left and right power spectra were largely similar with narrow peaks at 1.4, 2.8, and 4.1 Hz within the 0.5-5 Hz bandwidth. Significant coherence (Ͼ95% confidence interval) was found in the 0.5-3 Hz range with the two largest peaks in coherence around 1.3 and 2.8 Hz associated with phase values of Ϯ180°and 0°, respectively (Fig. 2, B and C) . In summary, the MUAs were out of phase in the ϳ1 Hz region and in phase in the ϳ3 Hz region but showed little power or coherence in the frequency band above 4 -5 Hz. These results suggest that left and right hemicord interneuronal populations operate in alternation, but that a subset of those populations may be coactivated in a similar fashion (and in phase) in the 3 Hz range during locomotor activity.
These low-frequency oscillations were seen in multiple channels on the left and right sides of the spinal cord during air-stepping, and were most evident after band-pass filtering (0.5-5 Hz, 2-pole Butterworth) (Fig. 3) . Figure 3 shows a representative example of band-pass filtered MUA from one animal over 10 s of a single trial of air-stepping. In general, MUA activity was stable and attenuated during the quiescent period prior to the onset of locomotor activity (data not shown), but the magnitude of oscillations increased during the locomotion period. MUA oscillations were highly structured and coordinated among multiple channels on each side of the spinal cord (Fig. 3) .
Interhemispheric Relationship Between Left and Right Hemicord MUAs
Quantitative characterization of the observed relationships between the temporal dynamics of LMUA and RMUA and the step cycle was performed on left and right SPA, extracted from MUA with factor analysis (described in MATERIALS AND METHODS; see Fig. 1 ). The loading weights obtained in the four animals are shown in Fig. 4 . As expected, right loading weights have high values for the right channels and low values for the left channels, while the reverse occurs for factors representing left-side neural activity. The phasic modulation of the left and right SPAs were examined relative to the right step cycle. For each right step cycle, the corresponding left and right SPA segments were binned into five equally sized bins. The mean SPA values in each bin were calculated over four steps. Figure 5 shows the binned SPAs for the left and right sides of the cord in three cats. Both left and right binned SPAs showed significant phasic modulation during the step cycle (KruskalWallis ANOVA of SPA to step cycle phase, P Ͻ 0.05). On the left side of the cord, the left binned SPA peaked near the middle of the right step cycle in all three cats (at 60% of the step cycle in 1 cat and at 80% for the other 2), while the right binned SPA peaked at the beginning or end (20% in 2 cats and 80% in 1) of the right step cycle (Fig. 5, A-C) . In one cat, low-quality recording in several channels from the right electrode array only permitted MUA analysis from channels in the left electrode array. In this case, only the left SPA was available for analysis and was related to the left step cycle. Figure  5D shows the left binned SPA being minimal near the middle of the left step cycle (30%) as the right binned SPAs (in relation to the right step cycle) were in the other three cats.
To examine whether the difference in the modulation of the left and right SPAs was related to the step cycle's left-right alternation, the phase between left and right SPAs was plotted against the corresponding step cycle left onset lag value for each step cycle (Fig. 6) . The phase between left and right SPAs was determined by taking the delay of the maximum crosscorrelation value (see MATERIALS AND METHODS). In three cats in which both left and right SPA were extracted, there was a significant correlation between the step cycle left onset lag and SPA phase for each of the cats (Fisher and Lee 1982 ; test rejects null hypothesis of no correlation at P Ͻ 0.05), indicating that MUA captured the phase relationship between leftright alternation in muscle activity. Figure 7 shows the spatiotemporal map of rostrocaudal left and right SPAs for four consecutive step cycles in four animals. The phasic dynamics of the SPAs along the rostrocaudal extent of the spinal cord were largely invariant of rostrocaudal position. As stated above, left-right alternation in the step cycle was reflected in the spatiotemporal dynamics between the left and right spinal hemispheres, with the peak of activity in the right hemisphere corresponding to the bottom of activity in the left hemisphere. Since the peak of SPA activity occurred at a constant point of the step cycle throughout the rostrocaudal extent of the cord, the SPA wave has the appearance of a standing wave. This result was consistent in all four animals. The consistency of the phasic modulatory pattern seen in the left and right SPA was evaluated by examining the SPA's preferred phase (see MATERIALS AND METHODS), relative to the right step cycle, as a function of rostrocaudal location (Fig. 8) . Both left and right SPA preferred phases were independent of rostrocaudal locations for three animals (Mardia test for linearcircular variables correlation, P Ͼ 0.05). In the fourth animal, in which only the left SPA was extracted, a spatiotemporal map of the left SPA relative to four consecutive left-step cycles was generated and showed similar properties (Fig. 8) . Again, there were no significant differences in the phasic modulation of SPA among rostrocaudal locations (Mardia test for linearcircular variables correlation, P Ͼ 0.05).
Spatiotemporal Distribution of Multiunit Activity
Summary
Our results show that population activity, as reflected by the MUA, contains information related to stepping. The temporal dynamics of MUA was closely related to the associated ipsilateral step cycle and peaked near the onset of stance. In addition, the phase difference between left and right population activity was related to left-right step cycle alternation. Finally, the temporal dynamics of MUA phasic modulation was well conserved over the rostrocaudal extent of the spinal cord, demonstrating that MUA behaved as a standing wave rather than a traveling wave.
DISCUSSION
Although locomotor expression has been suggested to be driven by multisegment distributed networks (Cowley and Schmidt 1997; Deliagina et al. 1983; Kiehn 2006; Kjaerulff and Kiehn 1996; Langlet et al. 2005) , it remains to be determined how these networks operate or which neurons constitute their makeup. In this study, multichannel recording arrays were used to sample population activity, as reflected by MUA recordings, within the lumbar intermediate zone of subchronic spinal cats during airstepping. Our results showed that segmental population activity was modulated with respect to the ipsilateral step cycle during air-stepping, with maximal activity occurring near the ipsilateral swing to stance transition period. Interestingly, this contrasts with results in neonatal mice that showed the peak in T13-L2 intermediate interneuronal population activity measured via calcium imaging to correlate with the flexor phase (Kwan et al. 2010) . We also found the phase difference between the population activity within the left and right hemicords to be correlated to the left-right alternation of the step cycle. Furthermore, examination of population activity throughout the rostrocaudal extent showed no differences in their phasic dynamics between segmental levels, suggesting that the spinal interneurons targeted in this study may operate as part of a longitudinally distributed network within the lumbar cord.
Relation Between Multiunit Activity and Single-Unit Activity
In contrast to single-unit activity, MUA reflects the spiking activity of many neurons within a sizeable volume (ϳ100-m subject 4) for each of the animals was found to be statistically significant (Kruskal-Wallis ANOVA, P Ͻ 0.05), indicating that MUA activity was significantly modulated during the locomotor cycle. For subject 4, left SPA was related to the left step cycle instead of the right step cycle as for subjects 1-3. radius) around the recording electrode Grover and Buchwald 1970; Legatt et al. 1980; Stark and Abeles 2007) . Therefore, information contained in the MUA complements the pinpoint approach of single-unit analysis, offering insights into local population activity (Logothetis 2003) . MUA amplitude is related to the weighted average of concurrent neuronal activity near the recording surface (Legatt et al. 1980 ) but may also be dependent on neuronal cell size . The high recording fidelity and low processing complexity of MUA data, compared with single-unit activity, make it an attractive means for assessing network function and the coactivation of neurons within a circuit (Bauer et al. 1995; Gray et al. 1989; Nase et al. 2003; Stark et al. 2008) . MUA analysis has been successfully applied in the study of many brain regions including hippocampal circuits (Molle et al. 2006) , auditory cortex (Fishman et al. 2000; Lakatos et al. 2005) , and the visual system (Bauer et al. 1995; Gray et al. 1989; Nase et al. 2003) . Studies in the premotor cortex by Stark and Abeles (2007) demonstrated that complex movements can be accurately predicted from MUA records. In addition, coordinated actions among neuronal groups, as reflected in MUA, contained robust movementrelated information that was substantially weaker in single-unit activity alone (Stark et al. 2008) .
In our study, MUA activity revealed that interneuronal population activity behaves as a standing wave, confirming our previous results that the single unit's preferred phase of activity does not correlate with rostrocaudal location (AuYong et al. Fig. 6 . Scatterplot of SPA phase lag vs. left soleus onset lag. The SPA phase lag was calculated by first finding the delay corresponding to the maximum cross-correlation value between left and right SPA segments for a single right step cycle. The delay value was then normalized by the duration of the current right step cycle, yielding the SPA phase lag. SPA phase lag was calculated for all step cycles. The left onset leg is the phase within the right step cycle at which left extensor (soleus) onset occurs. The diagonal line is a unity line, plotted as a reference. SPA phase lag positively correlated with the left onset lag for all three animals (Fisher and Lee 1982 ; test rejects null hypothesis of no correlation at P Ͻ 0.05 for each of the 3 animals and at P Ͻ 0.01 for subjects 1 and 2), indicating that onset of left extensor muscles correlates with MUA. 2011), but also demonstrating that activity may synchronize across segmental level at the population level, which was not apparent at the single-unit level. MUA also demonstrated a simple relationship between left-right alternation in the locomotor cycle and the neuronal activity. The correlations between step cycle and single-unit activity were actually more complex and showed greater variability in the firing patterns of individual neurons with respect to the step cycle, although they also demonstrated a preponderance of single units related to the ipsilateral stance initiation (AuYong et al. 2011) . MUA recordings may thus provide a simple means of assessing the neurophysiological functioning of the spinal cord and may serve as a useful tool for evaluating the effects of experimental therapeutic interventions on neural activity.
Distributed or Localized Rhythm Generator
A main result of this study was that the step-related MUA modulation, with respect to the ipsilateral step cycle, was found to be consistent throughout the rostrocaudal extent of the spinal cord. Since MUA modulation was not localized within a few spinal segments, our results are inconsistent with the concept of a localized rhythm generating source (Cazalets et al. 1995) or at least indicate that the rhythm signal gets distributed throughout the length of the lumbar cord. However, the results are consistent with a distributed network model of rhythmogenicity, i.e., the pattern formation or "clock" level of a duallayer model of spinal locomotion (McCrea and Rybak 2008; Rybak et al. 2006a Rybak et al. , 2006b . The concept of a distributed rhythm generator is well supported by previous studies that demonstrated that the rhythmogenic capacity of the mammalian lumbar cord is distributed over several spinal segments (Cowley and Schmidt 1997; Deliagina et al. 1983; Kjaerulff and Kiehn 1996; Kremer and LevTov 1997) . Furthermore, while disruption of the rostral segments (L1-L2 in rodents, L3-L4 in cats) abolishes locomotion generation in both rodents and cats (Langlet et al. 2005; Marcoux and Rossignol 2000) , paw shaking, another rhythmic behavior, remains intact in cats despite the removal of segments L3-L4 (Langlet et al. 2005) . Thus it seems that the neuronal network within rostral lumbar segments is critical for locomotor expression and may act as a leading driver for weaker rhythmic networks located more caudally (Cowley and Schmidt 1997; Deliagina et al. 1983 ; Kjaerulff and Kiehn 1996; Kremer and LevTov 1997; Langlet et al. 2005) . Here the spatiotemporal dynamics of MUA activity, which show a peak of activity in phase throughout the rostrocaudal segments, may represent the presumed activity of the "clock" level of the bilayer spinal locomotor circuit model, although pattern formation layer information that would show activity peaks associated with the various muscle groups of the hindlimb may be contained in the overall signal.
Lack of Rostrocaudal Oscillations in the Population Activity of Lumbar Cord Intermediate Gray Interneurons
Our results contrast with those of Cuellar et al., who reported that the cord dorsum potential in the cat spinal cord exhibited traveling wave dynamics during fictive scratching (Cuellar et al. 2009 ). The wave of activation, measured as dorsal cord potential, originated at rostral segments during flexion and propagated caudally during the extension phase, similarly to the traveling wave of activation observed in the motor pools of neonatal rats (O'Donovan et al. 2005 ). Other, nonwave-like types of rostrocaudal oscillations in motor pool activity have been shown in simulation studies of walking in both cats (Yakovenko et al. 2002) and humans (Ivanenko et al. 2006) . Our results suggest that, in our task, the population activity of intermediate interneurons does not mirror the motor pool population activity. Furthermore, our results suggest that the same interneuronal population may behave differently in different tasks or preparations, as Cuellar and colleagues assume, on the basis of lesion studies, that the potentials they recorded represent "the cumulative electrical activity of populations of spinal interneurons located in the deep dorsal horn and intermediate zone" (Cuellar et al. 2009) , which is the population we recorded from. Interneurons may thus behave differently based on the preparation and/or task: one "fictive" with a decerebrated intact spinal cord where "scratching" is induced through tactile stimulation of head and neck scratch receptive fields and the other "spinal" with an isolated spinal cord where "airstepping" is induced via peroneal stimulation and pharmacological means. While "air-stepping" involves actual flexion/ extension movements and the related afferent feedback, the task is still relatively removed from normal locomotion and interneurons may behave differently in the natural behavior. Load feedback has a marked effect on ankle extensor activation during locomotion, being responsible for autogenic excitation of notably the gastrocnemius muscles, and heterogenic inhibi- tion of proximal and distal muscles during treadmill walking in decerebrate or intact cats (Donelan et al. 2009; Donelan and Pearson 2004; Nichols and Ross 2009; Nichols 1999) . The additional feedback would likely influence both the timing and activation level of gait-related interneurons; unfortunately, the motion of the spinal cord was too pronounced to obtain stable recordings when we attempted to have the hindlimbs step on a treadmill or platform mounted under the frame. The pharmacological means used to prime the locomotor behavior, clonidine, is also known to have both excitatory and inhibitory effects on interneuronal activity. In spinal intact cats, it depresses the activity of interneurons mediating Ia and Ia/Ib monosynaptic inhibition to motoneurons (Hammar and Jankowska 2003) , and also of interneurons mediating group II disynaptic excitation to motoneurons (Bras et al. 1990; Jankowska et al. 2000) . The effects seem to be maintained in spinal cats, as Cote et al. (2003) reported a decrease in inhibition or even a reversal to excitation for the Ib pathway to extensor motoneurons in untrained and trained spinal cats. It is thus likely that the patterns of interneuronal activity in normal intact locomotion may be different from those obtained with "fictive" scratching or "air-stepping." Measurements in intact walking cats will require the development of a multiunit electrode capable of withstanding the large amount of motion occurring in the spinal cord during walking.
The functional significance of the observed MUA modulation also remains to be established. Various models of the locomotor central pattern generator (CPG) are based on a modular scheme in the form of a flexor-extensor half-center architecture as originally proposed by Graham Brown (Brown 1914) . Recent multilevel hierarchical CPG models have proposed that, in addition to flexion and extension halves, the functions of rhythm generation and motor pattern shaping are carried out in separate layers (McCrea and Rybak 2008; Rybak et al. 2006a Rybak et al. , 2006b . A unique feature of these multilayer models is their ability to capture the periods of motor "deletions," where flexors or extensors are silent while the antagonists are still rhythmically or tonically firing, but the period of the locomotor rhythm is preserved when the rhythm returns to the silent muscles (Lafreniere-Roula and McCrea 2005) . With its constant phase throughout the rostrocaudal extent of the cord, the MUA activity measured is not a logical candidate signal for the pattern shaper layer whose activity should reflect the complex dynamics expected of premotor drives. However, the MUA activity closely resembles a form of rhythm generator signal that would be expected to be distributed throughout the rostrocaudal extent of the cord and synchronized throughout. The finding suggests that rhythmogenic capability may emerge from a distributed population of interneurons as a result of the network interconnections (Selverston and Moulins 1985) . The MUA activity may thus reflect the activity of a distributed oscillatory network, encoding a clock signal at the population level rather than at the single neuron activity level.
